We report the confinement of an optomechanical micro-oscillator in a squeezed thermal state, obtained by parametric modulation of the optical spring. We propose and implement an experimental scheme based on parametric feedback control of the oscillator, which stabilizes the amplified quadrature while leaving the orthogonal one unaffected. This technique allows us to surpass the -3dB limit in the noise reduction, associated to parametric resonance, with a best experimental result of -7.4dB. In a moderately cooled system, our technique can be efficiently exploited to produce strong squeezing of a macroscopic mechanical oscillator below the zero-point motion. A recent major breakthrough in experimental quantum mechanics is the possibility to prepare macroscopic systems close to their fundamental quantum state. In particular, micro-and nano-oscillators have been recently cooled down to an occupation number close to unity or even below it [1] [2][3][4][5]. While remaining in a thermal state, such systems display peculiar quantum properties such as asymmetric modulation sidebands induced in a probe field [6]. A further interesting development would be the creation of a qualitatively different quantum state, for instance a mechanical squeezed state. To this purpose, possible techniques are back-action evading measurements [7] [8] [9] and degenerate [10, 11] or nearly-degenerate [12] [13] [14] parametric modulation. Mechanical oscillators operate in the degenerate parametric regime when their spring constant is modulated at twice the oscillator resonance frequency. In such regime, the response of the oscillator to an external excitation acting close to resonance is enhanced, until the parametric modulation depth reaches a threshold marking the birth of self-oscillations (parametric resonance) [15] . More precisely, the response is amplified in the quadrature of the motion in phase with the parametric modulation, and de-amplified in the orthogonal quadrature (π/2 quadrature). Therefore, the distribution of fluctuations in the phase plane caused by stochastic excitation is squeezed, and in particular its variance is reduced below its free-running value in the π/2 quadrature. As a consequence, parametric effect can be used to produce quadrature squeezed states of a macroscopic oscillator, similarly to what is commonly obtained for the electromagnetic field in optical parametric oscillators [16, 17] . This effect has already been demonstrated for thermal oscillators [10, 11, 14] , and is expected even for the quantum noise [12, 13] . However, since the amplified quadrature evolves into selfoscillations for an excitation strength approaching the threshold, the corresponding noise reduction in the π/2 quadrature, monotonous with the parametric excitation, is limited to -3dB. This is a general feature of parametric squeezing [16, 17] . A proposal to surpass this limit, based on continuous weak measurements and detuned parametric drive, is reported in Ref. [12] . A recent experiment [14] shows indeed that the uncertainty in the knowledge of the oscillator trajectory in the phase space (localization), is squeezed with a minimal variance reduced by -6.2dB with respect to that of a free thermal oscillator. The authors also suggest that, using the information on the oscillator position in an appropriate feedback loop, even the confinement of the oscillator in a strongly (> 3dB) squeezed state could be obtained, though such result has not yet been demonstrated.
We report the confinement of an optomechanical micro-oscillator in a squeezed thermal state, obtained by parametric modulation of the optical spring. We propose and implement an experimental scheme based on parametric feedback control of the oscillator, which stabilizes the amplified quadrature while leaving the orthogonal one unaffected. This technique allows us to surpass the -3dB limit in the noise reduction, associated to parametric resonance, with a best experimental result of -7.4dB. In a moderately cooled system, our technique can be efficiently exploited to produce strong squeezing of a macroscopic mechanical oscillator below the zero-point motion. A recent major breakthrough in experimental quantum mechanics is the possibility to prepare macroscopic systems close to their fundamental quantum state. In particular, micro-and nano-oscillators have been recently cooled down to an occupation number close to unity or even below it [1] [2] [3] [4] [5] . While remaining in a thermal state, such systems display peculiar quantum properties such as asymmetric modulation sidebands induced in a probe field [6] . A further interesting development would be the creation of a qualitatively different quantum state, for instance a mechanical squeezed state. To this purpose, possible techniques are back-action evading measurements [7] [8] [9] and degenerate [10, 11] or nearly-degenerate [12] [13] [14] parametric modulation. Mechanical oscillators operate in the degenerate parametric regime when their spring constant is modulated at twice the oscillator resonance frequency. In such regime, the response of the oscillator to an external excitation acting close to resonance is enhanced, until the parametric modulation depth reaches a threshold marking the birth of self-oscillations (parametric resonance) [15] . More precisely, the response is amplified in the quadrature of the motion in phase with the parametric modulation, and de-amplified in the orthogonal quadrature (π/2 quadrature). Therefore, the distribution of fluctuations in the phase plane caused by stochastic excitation is squeezed, and in particular its variance is reduced below its free-running value in the π/2 quadrature. As a consequence, parametric effect can be used to produce quadrature squeezed states of a macroscopic oscillator, similarly to what is commonly obtained for the electromagnetic field in optical parametric oscillators [16, 17] . This effect has already been demonstrated for thermal oscillators [10, 11, 14] , and is expected even for the quantum noise [12, 13] . However, since the amplified quadrature evolves into selfoscillations for an excitation strength approaching the threshold, the corresponding noise reduction in the π/2 quadrature, monotonous with the parametric excitation, is limited to -3dB. This is a general feature of parametric squeezing [16, 17] . A proposal to surpass this limit, based on continuous weak measurements and detuned parametric drive, is reported in Ref. [12] . A recent experiment [14] shows indeed that the uncertainty in the knowledge of the oscillator trajectory in the phase space (localization), is squeezed with a minimal variance reduced by -6.2dB with respect to that of a free thermal oscillator. The authors also suggest that, using the information on the oscillator position in an appropriate feedback loop, even the confinement of the oscillator in a strongly (> 3dB) squeezed state could be obtained, though such result has not yet been demonstrated.
In this work, we report on the observation of the confinement of a micro-oscillator in a squeezed thermal state, obtained by parametric modulation of the optical spring constant [18] . We also propose and apply an experimental scheme based on parametric feedback that, stabilizing the amplified quadrature without influencing the orthogonal one, allows to surpass the -3dB barrier on noise reduction, with a best experimental result of -7.4dB.
Our opto-mechanical system is composed of a low-deformation micro-oscillator [19, 20] with highreflectivity coating, working as end mirror in a 0.57 mm long, high Finesse (F = 57000, half-linewidth κ/2π = 2.3 MHz) Fabry-Perot cavity. The oscillator has resonance frequency ω m /2π = 128960 Hz, mechanical quality factor Q = ω m /γ m = 16000 and effective mass m = 1.35 10 −7 Kg. In the presence of an input field, the intracavity power depends on the the detuning ∆ = ω L − ω c between the laser and the cavity resonance, and actually on the cavity length L c . As a consequence, the microoscillator feels a position-dependent radiation pressure that can be described as the effect of an additional optical spring [18] . The delay in the intracavity field buildup gives an imaginary component in the spring constant, which modifies the damping coefficient γ eff of the optomechanical system. The complex optical spring constant is
where G is the effective opto-mechanical coupling constant with |G| 2 proportional to the intracavity power. For the case of our interest (bad cavity limit κ ≫ ω m , small detuning ∆ ≪ κ, and ω ≈ ω m ) the expression can be simplified introducing the quantities
and writing the effective susceptibility as χ
To our purpose, it is useful to underline that a) the frequency shift is approximately proportional to the detuning, and therefore a laser beam can be used to control it; b) the damping is also dependent on the detuning, therefore by varying the working point we can chose the effective resonance width; c) in the bad cavity limit, the shift in the resonance frequency is larger than the variation in its width, thus the latter can be neglected when considering small variations of ∆ around the working point. Our setup is sketched in Fig. 1 and more details are given in the Supplemental Material. Two laser beams derived from the same Nd:YAG source are superimposed with orthogonal polarizations and matched with an efficiency surpassing 96% to a cavity mode. The first one (probe beam, with a power of ∼ 100µW) is used in a Pound-Drever-Hall (PDH) scheme [21] to obtain a signal proportional to the detuning. The PDH signal is used to lock the laser to the cavity resonance and to measure the oscillator displacement x(t). The locking bandwidth is about 15 kHz and additional notch filters assure that the servo loop does not influence the system dynamics in the frequency region around the oscillator resonance. For the measurement, the PDH signal is sent to a double-phase digital lock-in amplifier whose outputs are acquired for the reconstruction of the motion of the oscillator. The second, more powerful beam (control beam, input power ∼1mW, giving an intracavity power of ∼ 16W and an opto-mechanical coupling at resonance |G| 2 ≃ 6 · 10 12 Hz) has a frequency shift with respect to the probe, obtained through acousto-optic modulators, that allows to compensate the cavity birefringence and vary the detuning. This second beam is used to set and control the optical spring. An additional electro-optic power modulator in its path allows to produce a sinusoidal modulation (AM ) in the radiation pressure, that excites the mechanical oscillator.
The motion of the oscillator can be decomposed into two quadratures X(t) and Y (t) in an arbitrary rotating frame at frequency ω 0 , according to x(t) = X(t) sin ω 0 t + Y (t) cos ω 0 t. For the opto-mechanical oscillator at temperature T , by choosing ω 0 = ω eff , X(t) and Y (t) are Gaussian, stochastic, independent variables (see the sketch in Fig. 1a ) and the experimental measurements in Fig. 2 left panel ) with null average, variance
eff where the effective temperature is T eff = T γ m /γ eff , and Lorentzian spectral densities
The addition of a coherent excitation of amplitude F e at frequency ω e (produced, in our case, by the AM oscillator) shifts the distribution in the phase plane X − Y by a vector rotating with angular frequency ω e − ω 0 , and in particular if ω e = ω 0 by a constant vector with Cartesian components X e = F e Re χ eff (ω 0 )e iθe and Y e = F e Im χ eff (ω 0 )e iθe , where θ e is the phase between the excitation (i.e., the modulation in the intracavity power) and the detection (Fig. 1b) . Once set θ e = 0 (this is experimentally performed by tuning the lock-in reference phase), X e vs (ω 0 − ω eff ) has a dispersive shape that can be used as error signal in a parametric feedback loop. This loop acts on the detuning of the control beam in order to correct ω eff and keep it fixed at ω 0 . The distribution in the phase plane displays now a nearly-symmetric two-dimensional Gaussian shape centered at Y e on the y axis. Since the frequency ω eff is now locked to ω 0 , it can be chosen at will and, as a consequence, we can also choose the effective resonance width γ eff . Moreover, frequency instabilities (thermal drifts and slow fluctuations due to the effect of intracavity radiation) are corrected and, even more important, we have a precise phase reference of the coherent component of the oscillator motion.
Let us now analyze qualitatively the effect of the feedback on the two quadratures. If Y e ≫ (Y − Y e ) 2 + X 2 , we can define a time-dependent oscillator phase φ = arctan X/Y ≃ X/Y e , with φ = 0 and φ 2 ≪ 1, and an instantaneous angular frequency ω 0 +φ. The control loop acts by correctingφ: pictorially, it rotates the fluctuating vector (X, Y ) forcing it to point to the y direction (Fig. 1c) . As long as φ ≪ 1, the feedback reaction just influences the X quadrature, while Y remains free.
We now move to the most important part of this work, the parametric squeezing. A modulation of the spring strength is just obtained by modulating the detuning of the control beam, according to Eq. 1. The modulation signal is derived from a copy of the reference oscillator at ω 0 , frequency-doubled and phase-shifted by θ 2f . For a free-running opto-mechanical oscillator (i.e., switching off the coherent excitation and frequency feedback), the expected variance in the two quadratures X ′ and Y ′ , now referred to the phase of the parametric modulation, are [11] 
where g is the parametric gain, proportional to the depth of the parametric modulation, and we have identified Y ′ with the previously mentioned π/2 quadrature. The spectral densities maintain a Lorentzian shape, with width multiplied respectively by (1 − g) and (1 + g). In other words, the motion is additionally damped along the y axis, and anti-damped along the x axis, without modifying the input noise. In the X − Y plane, we find an elliptical probability distribution rotated by an angle (Fig. 1d) which can be set to zero by tuning θ 2f , thus setting X ′ ≡ X and Y ′ ≡ Y (the experimental PDFs are shown in the central panel of Fig. 2 ). The variance σ 2 X ′ clearly diverges for g → 1, giving the upper limit σ 2 Y ′ < 0.5 σ 2 0 (the mentioned -3dB limit reduction). Switching on the coherent modulation just shifts the ellipse center to 0, Y e /(1 + g) (Fig. 1e) . The configuration in the phase plane is now equivalent to that of an optical field with bright squeezing [22] . However, we remark that the fluctuations along x still increase with g and the squeezing remains limited to 3dB. On the other hand, by activating the parametric feedback we can reduce the X fluctuations while depressing the parametric amplification and preventing the divergence of X 2 . As a consequence, the parametric gain g can now be increased above unity (Fig. 2 right panel) . S X is deformed and depends on the electronic servo-loop, but the standard deviation of X is maintained close to its thermal value. The crucial issue is that the Y quadrature remains free. The fluctuations on Y maintain indeed a Gaussian distribution and S Y keeps a Lorentzian shape, as shown in Fig. 3 .
reduced below the -3dB barrier, continuing to follow Eq. 6. This is shown quantitatively in Fig. 4 , where we plot the variances for the X and Y quadratures, normalized to their free-running value in the absence of paramet- ric modulation, for two experimental configurations: the parametrically squeezed oscillator, and the system with coherent excitation and parametric feedback. In both cases, the amplitude of the coherent excitation has been adapted during the measurement in order to keep a constant value of the coherent component in the oscillator motion, i.e., a constant Y ≃ Y e , compensating the parametric de-amplification. This value is Y ≃ 300fm, i.e., at least 6 times larger than the standard deviation of the thermal distributions. This assures, together with the stabilization of the X quadrature, that the condition φ ≪ 1 is satisfied. The solid lines in Fig. 4 are given by the expressions 1/(1 − g) and 1/(1 + g) (see Eqs. 5,6), with g = V 2f /V th , where V 2f is the amplitude of the modulation sent to the laser frequency controller, and the threshold V th is obtained by fitting Eq. 6 to the variance of Y . The maximum noise reduction is -7.4±0.2dB, limited by the appearance of instabilities in the control loop (servo bumps). An optimization of the control loop, not yet performed, would likely allow a wider working range and stronger squeezing.
In summary, we have described three original experimental results. The first one is the parametric excitation obtained by modulation of the optical spring, that produces a squeezed probability distribution in the phase plane of a thermal oscillator. This technique can be applied to a wide range of opto-mechanical systems, without additional external force. The second one is the frequency locking and phase stabilization of the optomechanical oscillator using parametric feedback on the optical spring constant. The addition of a known coherent component Y to the motion of the oscillator is crucial because it allows to establish a correspondence between quadrature fluctuations (on X and Y ) and, respectively, phase and amplitude fluctuations, just like in the optical case. This situation facilitates the theoretical modeling and, more importantly, it allows to limit the effect of parametric feedback, acting on the oscillator phase/frequency, only to one quadrature at first order. Third issue, we have demonstrated noise reduction and quadrature confinement below the -3dB barrier by means of a parametric feedback scheme. Again the last two results can be reproduced in a large variety of opto-mechanical devices, and would become particularly meaningful in systems with reduced effective mass, which can be operated at low occupation number [1] [2] [3] [4] [5] . In our configuration, the parametric feedback plays the role of the low-fidelity measurement used in Ref. [14] , and it is indeed based on a measurement of the oscillator motion (performed in our setup by the PDH signal). We remark that the back-action of this measurements influences both quadratures, and therefore sets a limit to the achievable noise reduction. However, a weak measurement (with sensitivity well below the standard quantum limit) is sufficient to confine the (classical) motion of the Y quadrature, giving a limited detrimental effect. This set a similarity with the schemes analyzed in Ref. [13] . However, the combination of coherent excitation and parametric feedback loop sets an a priori limitation to the necessary low-fidelity estimation, that is remarkably along the Y = Y line. This avoids the problem of the optimal filter [13, 14] . Finally, we notice that, due to the strong obtainable squeezing, the starting point can be a moderately cooled oscillator (with occupation number significantly above unity), that can even be reached in the bad cavity configuration exploited in this work. As a consequence, our scheme can be efficiently exploited to produce a macroscopic mechanical oscillator in a bright squeezed state. The mechanical oscillator used in this experiment (Fig. 1a) has been realized in the Microfabrication Facility of FBK [1] and belongs to a class of Micro-Opto-Mechanical-System specifically developed for having at the same time low optical and mechanical losses [2] . The reflective coating is obtained by the deposition of alternate Ta 2 O 5 /SiO 2 quarter-wave layers for a total thickness of about 5.9 µm. Optical cavities with Finesse up to 65 000 have been realized with these devices, depending on the local wafer waviness [3] . A structure made of alternate torsional and flexural springs supports the central mirror and allows its vertical displacement with a minimal internal deformation (see Fig. 1b (Fig. 2a) . The effective mass is deduced by assuming thermal equilibrium at room temperature, and it is in agreement with the value estimated from FEM simulations, and with the value deduced from the response to a calibrated excitation applied by a modulated radiation pressure [5] .
The micro-oscillator is used as end mirror of a 0.57 mm long Fabry-Perot cavity formed with a 50 mm radius silica input mirror (transmissivity ∼ 50 ppm), operating in a vacuum chamber at 10 −3 Pa. The input coupler is glued on a piezoelectric transducer (PZT) for coarse cavity tuning. The cavity Finesse is F = 57 000, (half-linewidth κ/2π = 2.3 MHz), and operates slightly under-coupled (the ratio between input mirror transmission and total roundtrip losses is ∼ 0.45). A suspension system in the vacuum chamber isolates the cavity from environmental vibrations. The experimental setup is sketched in Fig. 1c . The light source is a cw Nd:YAG laser operating at λ=1064 nm. After a 40 dB optical isolator (OI1), the laser radiation is split into two beams. The first one (probe beam, power ∼ 100µW measured at the cavity input) is frequency shifted by means of two acousto-optic modulators (AOM) operating on opposite diffraction orders. A resonant electro-optic modulator (rf EOM) provides phase modulation at 13.3 MHz used for the Pound-Drever-Hall (PDH) detection scheme [6] . For the control of the opto-mechanical resonance, the X output of the lock-in is integrated and sent to the VCO driver of AOM1. The control bandwidth is well below 1 kHz, much lower than the locking bandwidth of the laser to the cavity, therefore we can assume that, even if the AOM shifts the probe frequency, the probe beam remains resonant with the cavity while the detuning of the control beam is modified by the integrated X signal. The effect is a stabilization of the opto-mechanical resonance, forced to coincide with the lock-in reference, by means of the optical spring tuned by the control beam.
For achieving a degenerate parametric regime, a frequency doubled copy of the reference oscillator, with controllable amplitude and phase, is sent to the laser PZT. As a consequence, both beams are frequency modulated, giving an overall modulation of the optical spring (mainly due to the more powerful control beam).
II. DATA ANALYSIS
The spectra of the X and Y time series, containing typically ∼ 10 6 data points, are calculated using fast Fourier transform. Two examples of such spectra for the Y quadrature, corrected for the low-pass filter of the lock-in, are shown in Fig. 3b of the main text.
When the parametric control of the oscillator frequency is activated, the Y spectra display a Lorentzian behavior, as shown by the fitting curve in the same Fig. 3b . The spectra of the time series taken without frequency control are better fitted by Voigt profiles, due to the slow fluctuations of the opto-mechanical frequency. The fits allow to deduce the correlation times of each time series.
For calculating the histograms shown in Fig. 3a of the main text we have first applied to the time series an additional digital low-pass filter at ∼ 1kHz to reduce the effect of spurious peaks that appear above 5kHz. This cutoff is still well above the half-width of the opto-mechanical resonance, that even with the largest parametric gain is around 300 Hz.
We have then reduced the number of samples by keeping one data point every correlation time, in order to obtain sets of uncorrelated samples that have been used to calculate the probability distributions (PDFs). Error bars reflect the standard error on each bin. The reduced χ 2 of a Gaussian fit is around unity for both the PDFs of the thermal state and that of the Y quadrature in the squeezed state, indicating that even in the latter case the fluctuations are stochastic with Gaussian-Lorentzian statistics.
The variance of the Y output (as well as the one of the X output when relevant) is calculated from the integral of the spectra. The statistical uncertainty calculated from several independent time series is typically around 3%. The absolute calibration of the oscillator displacement has an accuracy of just ∼ 20%, but for the squeezing factor (the
